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Axon/Dendrite Targeting of Metabotropic
Glutamate Receptors by Their Cytoplasmic
Carboxy-Terminal Domains
including some with the well-characterized glycophos-
phatidylinositol apical targeting signal, are most com-
monly targeted to both the axons and dendrites of neu-
rons (Craig and Banker, 1994; Jareb and Banker, 1998).
Furthermore, several neuronal plasma membrane pro-
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teins analyzed in epithelial cells, including b-amyloid
precursor protein (b-APP) and a2-adrenergic receptorsSummary
(Haass et al., 1995; Tienari et al., 1996; Wozniak and
Limbird, 1998), show targeting patterns inconsistentThe subcellular targeting of neurotransmitter recep-
with the idea that apical is equivalent to axonal andtors is vital in controlling polarized information flow in
basolateral is equivalent to somatodendritic. Thus, whilethe brain. We show here that metabotropic glutamate
polarized epithelial cells have provided a useful modelreceptors are differentially targeted when expressed
for studying neuronal polarity, and there appear to befrom defective viral vectors in cultured hippocampal
some mechanisms in common, there is a clear need toneurons; mGluR1a and mGluR2 are targeted to den-
identify neuronal protein targeting signals by expressiondrites and excluded from axons, whereas mGluR7 is
and mutational analysis of neuronal proteins in neurons.targeted to axons and dendrites. Chimeras and dele-
Metabotropic glutamate receptors (mGluRs) are a ho-tions revealed that axon exclusion of mGluR2 versus
mologous family of differentially targeted proteins withaxon targeting of mGluR7 is mediated by their 60
essential functions in neuronal signaling (Nakanishi,amino acid C-terminal cytoplasmic domains. Addition
1994; Pin and Duvoisin, 1995) and thus appear ideallyof the mGluR7 C-terminal sequence to mGluR2 or to
suited for an analysis of subcellular targeting in neurons.the unrelated somatodendritic protein telencephalin
mGluRs modulate excitatory synaptic transmission and(tln) induced axon targeting, indicating dominance of
play central roles in many forms of plasticity. For exam-the axonal signal. These mGluR sorting signals repre-
ple, mGluR2 activation underlies induction of an olfac-sent novel plasma membrane axon/dendrite targeting
tory memory at dendrodendritic synapses between mi-signals.
tral and granule cells (Kaba et al., 1994), and all classes
of mGluR can modulate forms of hippocampal long-Introduction
term potentiation and/or long-term depression. mGluRs
can be divided into three groups based on G proteinNeuronal signaling depends on the subcellular targeting
of proteins to their sites of function at specialized neu- coupling, pharmacology, and sequence relatedness.
Group I (mGluR1 and mGluR5) functions at postsynapticronal subdomains. Yet, little is known about how neu-
rons target specific proteins to dendrites, axons, nodes sites and activates phospholipase C, whereas group II
(mGluR2 and mGluR3) and group III (mGluR4, mGluR6,of Ranvier, presynaptic sites, or postsynaptic sites (Craig
and Banker, 1994). The targeting of membrane proteins mGluR7, and mGluR8) can function at pre- or postsynap-
tic sites and negatively couple to adenylyl cyclase (Pinis functionally a crucial part of neuronal polarity, given
the central role of neurons in receiving and transducing and Duvoisin, 1995).
Here, we analyze the subcellular targeting of a mem-extracellular signals.
Current thinking about neuronal plasma membrane ber of each mGluR group by expression from defective
viral vectors in cultured hippocampal neurons. We useprotein targeting is based largely on studies of polarized
epithelial cells, in part due to the technical difficulties chimera, deletion, and insertion mutagenesis to define
cis-acting signals that mediate differential axon/den-of studying molecular mechanisms of neuronal protein
targeting in neurons. Dotti and Simons (1990) proposed drite targeting of mGluR2 and mGluR7. These studies
define novel sorting signals distinct from any identifiedthat neurons and polarized epithelial cells share com-
mon mechanisms of protein targeting, with apical equiv- in polarized epithelial cells.
alent to axonal and basolateral equivalent to somato-
dendritic. Some basolateral targeting signals such as Results
those in the polyimmunoglobulin receptor and the low-
density lipoprotein receptor do mediate targeting to the Differential Targeting of mGluRs Expressed
somatodendritic surface (Jareb and Banker, 1998). How- in Neurons from Viral Vectors
ever, in other proteins such as the transferrin receptor, We expressed one member of each group of mGluR
dendritic targeting is mediated by a signal distinct from in cultured hippocampal neurons from amplicon-based
that mediating basolateral targeting (West et al., 1997a). defective herpes virus vectors. The defective viral vec-
Moreover, these basolateral proteins are primarily local- tors were used to obtain reliable high-efficiency trans-
ized to dendritic endosomes, and some of the targeting fection of the primary neurons (Ho, 1994; Craig, 1998).
signals are related to the signals for endocytosis. Pro- These vectors exhibited no toxic effects at the time point
teins polarized to the apical surface of epithelial cells, assayed, 20±24 hr after exposure to the vectors, and
were titrated to yield z4%±20% transfection efficiency
to obtain labeled neurons with nonoverlapping domains* To whom correspondence should be addressed (e-mail: am-craig@
uiuc.edu). for clear analysis of transfected neurons. mGluR1a
Neuron
526
Figure 1. Differential Targeting of mGluR1a, mGluR2, and mGluR7 Expressed in Cultured Hippocampal Neurons
(A and B) mGluR1a is targeted to dendrites and excluded from axons.
(A) Neurons were transfected at 1 week in culture with HSV±mGluR1a and immunolabeled 1 day later for mGluR1a (red) and the axonal marker
dephospho-tau (green). mGluR1a is targeted to the somatodendritic domain but excluded from the axon (arrow) of this isolated neuron.
(B) Neurons were transfected at 2 weeks in culture with two viral vectors, HSV±mGluR1a and HSV±CD8a, and immunolabeled 1 day later for
mGluR1a (red) and CD8a (green). Shown is one neuron that happened to be doubly transfected. Whereas both proteins are colocalized in
the somatodendritic domain (yellow), the axon is labeled for CD8a but not mGluR1a (green, arrows). mGluR1a was excluded from axons in
all neurons analyzed.
(C±E) mGluR2 is targeted to dendrites and excluded from axons. Neurons at 13±15 days in culture were exposed to HSV±myc±mGluR2 and
assessed for surface expression of the encoded myc epitope±tagged mGluR 20 hr later. The apparent health of the neurons, shown in the
phase contrast image in (E), was not affected. myc±mGluR2 (C) was targeted to dendrites and excluded from axons. In (D), myc surface
labeling (green) is compared with labeling after permeabilization for the dendritic marker MAP2 (red). Yellow indicates the colocalization of
myc and MAP2 in the somatodendritic domain. The arrowhead indicates myc label in the proximal axon (green). Extensive axon labeling was
not observed, although a complex axon network, some of which presumably originates from the transfected neuron, is visible in the phase
contrast image (E). Note that the tips of dendrites and dendritic filopodia also appear green due to the relatively low concentrations of MAP2
in the fine dendrite branches; these were readily distinguishable from labeled axons by the very short extent of the myc label and the presence
of detectable MAP2 upon closer inspection of the single-channel images.
(F±I) mGluR7 is targeted to both dendrites and axons. Expressed myc±mGluR7 (F) was present on the entire surface of dendrites and axons
(arrows). In the double label with MAP2 ([G]: myc in green, MAP2 in red), the labeled dendrites appear yellow and the labeled axon appears
as a long interconnected fine caliber process extending far from the cell body (arrows). Many long axon segments appear to originate from
the cell body and dendrites, and a single proximal axon cannot be distinguished due to the numerous contacts of this transfected axon with
its own cell body and dendrites. At this level of resolution, labeled axons coursing along labeled dendrites are not clearly visible. A higher
magnification image ([I]: myc in green, MAP2 in red) shows the extensive contact between a myc±mGluR7 transfected axon and the cell body
and dendrites of an untransfected cell. The myc±mGluR7 labeled axon in (F) through (H) and in all neurons analyzed originated from a single
labeled neuron and also extended far beyond the field of view.
Scale bar, 40 mm (A); 50 mm (B±H); and 20 mm (I).
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Figure 2. Confirmation of Surface and C-Ter-
minal Epitopes in Chimeric mGluR Constructs
(A and D) Schematic diagrams, roughly to
scale, of mGluR chimera primary structures,
with mGluR2 sequence shown in black and
mGluR7 sequence in gray. The myc ten amino
acid epitope tag (triangle) was inserted in the
N-terminal extracellular domains three amino
acids past the signal sequence. The seven
transmembrane spanning domains are fol-
lowed by z60 amino acid intracellular C-ter-
minal tails that are most divergent between
mGluR family members and that were swapped
in the chimeras.
(B and C) Expressed myc±mGluR2tail7 was
recognized by surface labeling with the myc
antibody (B) and labeling after permeabiliza-
tion with an antibody against the C terminus
of mGluR7 (C). Both epitopes give the same
distribution pattern, with labeling the full ex-
tent of the transfected neuron on the right,
and the axon of the transfected neuron in
contact with a nontransfected neuron on the
left. The endogenous mGluR7 is expressed
at lower levels at this stage of development
and is not visible in this image.
(E and F) Expressed myc±mGluR7tail2 was
recognized by surface labeling with the myc
antibody (E) and labeling after permeabiliza-
tion with an antibody against the C terminus
of mGluR2 (F). Again, both epitopes gave the
same distribution pattern, with labeling of the
somatodendritic domain of the transfected cell on the right, and only background labeling of the nontransfected cell on the left. For all
constructs examined, myc antibody labeling before or after permeabilization and mGluR C-terminal labeling after permeabilization gave the
same polarized distribution patterns.
Scale bar, 50 mm.
(group I) introduced into pyramidal neurons was tar- from the axons of transfected pyramidal neurons (Fig-
ures 1C±1E), the same distribution pattern as for mGluR1a.geted to the somatodendritic domain and was excluded
from axons (Figures 1A and 1B). The polarized distribu- The axon exclusion of mGluR2 was very reproducible
in the hippocampal cultures (see Figures 4 and 5 fortion of expressed mGluR1a was apparent in isolated
neurons at 1 week in culture as shown by double labeling additional analysis) even though mGluR2 can be found
in axons as well as dendrites in other neuron cell types inwith the tau-1 antibody for the axonal marker dephos-
pho-tau (Figure 1A). This distribution is the same as in vivo (Neki et al., 1996; Ohishi et al., 1998). myc±mGluR7
(group III) was targeted reproducibly to the full axonthe few interneurons in which mGluR1a is endogenously
expressed in hippocampal cultures (Craig et al., 1993) length as well as to dendrites of transfected hippocam-
pal pyramidal neurons (Figures 1F±1I). Unlike mGluR1aand in other neuron types in vivo (Martin et al., 1992).
Cotransfection of a single neuron with two viral vectors, and mGluR2, mGluR7 is endogenously expressed in hip-
pocampal pyramidal neurons. In hippocampal cultures,one expressing mGluR1a and the other expressing the
lymphocyte membrane protein CD8a, which is targeted endogenous mGluR7 appears to be present in a synaptic
pattern (data not shown). In vivo, mGluR7 exhibits a veryto axons and dendrites (Craig et al., 1995), confirmed
the differential targeting of these two plasma membrane interesting distribution that is the most concentrated at
terminals opposed to a class of interneurons (Shigemotoproteins (Figures 1A and 1B), thus validating the expres-
sion system. et al., 1996). By expression from the viral vectors at this
stage of neuronal development, we have reproducedAll further experiments were performed by expression
of mGluR2 and mGluR7 and variants with an extracellu- the domain targeting but not the synaptic clustering.
In conclusion, we found two distribution patterns forlar myc epitope tag and were primarily analyzed for
surface expression. We transfected neurons at 2 weeks expressed mGluRs, which we refer to as axon exclu-
sion (for mGluR1a and mGluR2) and axon targeting (forin culture to ensure a fully polarized differentiated phe-
notype. At this stage in development, when axons are mGluR7). All proteins expressed in this study, whether
targeted to or excluded from the axon, were targeted tocontacting most of the dendrite surface, we found that
the dendrite marker MAP2 was most useful for identi- the surface of dendrites (see the Discussion for potential
common dendrite targeting mechanisms). One possiblefying axonal versus dendritic domains; labeled axons
were identified as myc-positive, MAP2-negative, long, explanation for axon targeting versus axon exclusion
could be nonspecific targeting into the axon due to thefine caliber processes that typically extended far beyond
the somatodendritic domain. Epitope-tagged mGluR2 higher expression level of one construct versus another.
This was not the case; there was no correlation between(group II) was targeted to the dendrites and excluded
Neuron
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Figure 3. Axon Exclusion of mGluR2 Versus Axon Targeting of mGluR7 Is Determined by the C-Terminal z60 Amino Acid Cytoplasmic Domains
Hippocampal neurons were transfected with myc±mGluR constructs and immunolabeled for the surface myc epitope (green) and the dendritic
marker MAP2 (red). The yellow indicates myc±mGluR colocalized with MAP2 in dendrites, whereas extensive green staining along fine caliber
processes corresponds to axon labeling (arrows).
(A and B) Tail swap chimeric constructs exhibit the axon targeting phenotype of the mGluR C-terminal sequence. mGluR2tail7 (A), consisting
of the backbone of mGluR2 with the C terminus of mGluR7, was targeted efficiently to the entire axonal domain (arrows), as was full-length
mGluR7 (compare with Figures 1F±1I). mGluR7tail2 (B), consisting of the backbone of mGluR7 with the tail of mGluR2, was excluded from
axons, as was full-length mGluR2 (compare with Figures 1C±1E). myc immunofluorescence in the axon of the transfected neuron could not
be detected above that of nontransfected neurons.
Axon/Dendrite Targeting Signals in mGluRs
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polarity of the distribution of the surface protein andTable 1. Relative Expression Levels of mGluR Constructs
that of intracellular pools. mGluR2 and other constructs
mGluR2 1 6 0.36 excluded from the surface of axons were never detected
mGluR7 0.71 6 0.11 in permeabilized axons.
mGluR2tail7 1.15 6 0.15
Analysis of these chimeric constructs revealed themGluR7tail2 0.41 6 0.09
presence of axon/dendrite targeting information in themGluR2tail2/7 0.92 6 0.16
C-terminal cytoplasmic domains. mGluR2tail7, contain-mGluR7tail7/2 0.88 6 0.25
mGluR2STOP 0.71 6 0.10 ing the backbone of mGluR2, up to and including the
mGluR7STOP 0.33 6 0.07 seventh transmembrane domain followed by the C-ter-
mGluR2tail2tail7 0.71 6 0.10 minal 65 amino acids of mGluR7, was targeted to axons
mGluR2tail7tail2 0.63 6 0.12
(Figure 3A; see Experimental Procedures for exact com-
Values are total surface myc immunofluorescence intensity per cell position of constructs and see Figure 4 for additional
normalized to values for mGluR2 (mean 6 SEM, n 5 5 cells). The evidence). The axon targeting efficiency of mGluR2tail7
variation in expression level did not correlate with the extent of axon (93.3% of cells showed axon targeting) was as great as
targeting. For example, mGluR7 was expressed at slightly lower
that of full-length mGluR7 (91.6%; see quantitation inlevels than mGluR2 but exhibited much greater axon targeting.
Figure 5). The reciprocal chimera, mGluR7tail2, con-
sisting of the backbone of mGluR7 with the C-terminal
53 amino acids of mGluR2, was excluded from axons
protein expression level and axon targeting versus axon (Figure 3B). Again, the axon exclusion of mGluR7tail2
exclusion (Table 1). For example, even though the ex- (7.1% of cells showed axon targeting) was as efficient
pression level of mGluR7 was slightly lower than that as for full-length mGluR2 (20.0%). Thus, of the z900
of mGluR2, mGluR7 was efficiently targeted to axons, amino acid mGluR primary sequence, the C-terminal
whereas mGluR2 was excluded from them. z60 amino acids contain the functional axon targeting
and/or axon exclusion signals.
Chimeras Reveal C-Terminal Targeting Domains To more narrowly define the subcellular targeting sig-
What mediates the axon exclusion of mGluR1a and nals, we generated and analyzed an additional pair of
mGluR2 versus the axon targeting of mGluR7? The most chimeras, swapping only the C-terminal z30 amino acids
divergent region of primary sequence between mGluR between mGluR2 and mGluR7. The mGluR2tail2/7 chi-
family members is the C-terminal cytoplasmic domain. mera, consisting of the mGluR2 backbone, with the
We thus began our search for cis-acting targeting sig- C-terminal membrane proximal 27 amino acids of mGluR2
nals by generating and analyzing chimeric tail swap con- followed by the C-terminal distal 33 amino acids of
structs between myc-tagged mGluR2 and mGluR7 (Fig- mGluR7, was targeted to axons in most cells (Figure
ures 2, 3A, and 3B). To test the integrity of the C-terminal 3C). However, the axon targeting was not as efficient
epitopes in the chimeric proteins, transfected neurons as for mGluR7 or mGluR2tail7 either qualitatively and
were immunolabeled on the cell surface with the myc quantitatively. mGluR2tail2/7 was often targeted only to
antibody and, after permeabilization, with mGluR7 or the proximal few hundred micrometers of the axon, and
mGluR2 C-terminal antibodies (Figure 2). The expressed it was targeted to axons in only 73.9% of the cells com-
myc±mGluR2tail7 was recognized by cell surface myc pared with 93.3% for mGluR2tail7. The reciprocal chi-
antibody and, after cell permeabilization, by an anti- mera mGluR7tail7/2, containing most of mGluR7 with
body against the C terminus of mGluR7 (Figures 2A±2C). the C-terminal 27 amino acids of mGluR2, was most
Thus, the C-terminal epitope of mGluR7 formed cor- often excluded from the axon (Figure 3D). Again, the
rectly from the transfected chimeric cDNA. Likewise, smaller C-terminal chimera was not targeted as effi-
expression of the reciprocal chimera mGluR7tail2 re- ciently as the full tail swap chimera. mGluR7tail7/2 en-
sulted in coexpression of the cell surface myc epitope tered the proximal and midportion of the axon fairly
and the intracellular mGluR2 C-terminal epitope in trans- often, and it was targeted to axons in 33.5% of the cells
fected neurons (Figures 2D±2F). For all constructs ana- compared with only 7.1% for mGluR7tail2. Therefore,
lyzed, the expressed proteins were targeted efficiently the C-terminal z30 amino acids of mGluR2 and mGluR7
contain a largely functional targeting signal but not theto the cell surface, and there were no differences in the
(C and D) The C-terminal z30 amino acids contain partial axon targeting information. mGluR2tail2/7 (C), consisting of the mGluR2 backbone
with the C-terminal membrane proximal 27 amino acids of mGluR2 followed by the C-terminal distal 33 amino acids of mGluR7, was targeted
to axons (arrows) in most cells, as in the example shown here, but the extent of axon labeling was often less than for mGluR2tail7. The
reciprocal chimera, mGluR7tail7/2 (D), most often showed axon exclusion or targeting to only the proximal portion of the axon (arrowhead),
as in the example shown.
(E and F) Truncation constructs reveal that the C-terminal domains of both mGluRs contain targeting information. mGluR2STOP (E), truncated
six amino acids after the seventh transmembrane domain, exhibited significant axon targeting (arrows). Thus, loss of the mGluR2 C terminus
resulted in loss of axon exclusion. mGluR7STOP (F), truncated six amino acids after the seventh transmembrane domain, was excluded from
axons. myc immunofluorescence in the axon of the transfected neuron could not be detected above that of nontransfected neurons. Thus,
loss of the mGluR7 C terminus resulted in loss of axon targeting.
(G and H) Insertion constructs reveal that the mGluR7 C-terminal axon targeting signal is dominant and can function either at the C terminus
or internally. mGluR2tail2tail7 (G), full-length mGluR2 with the mGluR7 tail added at the C terminus, was targeted efficiently to axons (arrows).
Likewise, mGluR2tail7tail2 (H), full-length mGluR2 with the mGluR7 65 amino acid tail inserted internally after the seventh transmembrane
domain, was also targeted efficiently to axons (arrows).
Diagrams of constructs, additional data, and quantitative analyses are presented in Figures 4 and 5. Scale bar, 50 mm.
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Figure 4. mGluR C Termini Consistently Me-
diate Axon Exclusion or Axon Targeting
Stick diagrams at left indicate the composi-
tion of each construct, with mGluR2 repre-
sented in white and mGluR7 represented in
stripes. The diagram to the left of the vertical
line indicates the backbone, up to and includ-
ing the seventh transmembrane domain. The
boxed regions show line tracings of five trans-
fected neurons per construct to demonstrate
variability (or lack thereof) in targeting pat-
terns. Labeled dendrites are represented in
gray and labeled axons in black. The line
drawings were made from composite images
of labeled cells, tracing axons and dendrites
with a line of constant width. The first column
corresponds to the neurons shown in Figures
1 and 3. In most cells, the labeled axon made
numerous contacts with the cell's own la-
beled dendrites, often running along the
length of dendrites and crossing the cell body
several times. For clarity, and because la-
beled axons alongside labeled dendrites
were sometimes difficult to distinguish, such
regions are represented in gray only. Thus,
the tracings showing what appear to be sepa-
rate labeled axon segments are generally due
to looping of the single axon around the cell's
own somatodendritic domain. In some trac-
ings, there also appear to be isolated regions
of labeled axon; these are actually connected
to the rest of the labeled axon by regions
outside the field of view.
complete targeting information of the C-terminal z60 that the different backbones (up to the end of the sev-
enth transmembrane domain) contain sequences thatamino acids.
do not normally function in targeting but that can act
as cryptic targeting signals. These mGluR backbonesC-Terminal Signals Are Essential
contain cryptic signals in the sense that these se-for mGluR Targeting
quences do not influence the axon targeting versus axonThese chimeric analyses do not reveal directly whether
exclusion of the native proteins; both the chimeras andone or both C-terminal sequences contain targeting sig-
the deletion mutants show that the differential targetingnals. For example, mGluR2tail7 may be targeted to the
of mGluR2 and mGluR7 is determined by the C-terminalaxon because we have removed an axon exclusion sig-
regions. Nevertheless, when the functional targeting sig-nal in the tail of mGluR2 or because we have added an
nals are deleted, the backbones of mGluR2 and mGluR7axon targeting signal from the tail of mGluR7, or both
do not follow a common targeting pathway. Thus, ourexplanations may be valid. To test for the presence of
data do not reveal a common default pathway for thetargeting information in the individual tails, we generated
targeting of proteins lacking the dominant targeting sig-deletion constructs truncated six amino acids after the
nals; indeed, it is not clear whether signalless proteinsseventh transmembrane domain, after the last conserved
and default pathways exist (see discussion in Craig andvaline residue. The truncated mGluR2, mGluR2STOP, lost
Banker, 1994). Similar problems have been encounteredits axon exclusion phenotype and now became targeted
in attempting to define a default pathway for the moreto axons (Figure 3E) in most cells (65.2%). The truncated
thoroughly studied case of targeting to basolateral ver-mGluR7, mGluR7STOP, lost its axon targeting pheno-
sus apical domains of polarized epithelial cells (Matlin,type and now became excluded from axons (Figure 3F)
1992).in almost all cells (8.0% of cells showed axon targeting).
Thus, both C-terminal cytoplasmic domains contain
targeting information, the tail of mGluR2 mediating axon mGluR7 C Terminus Is a Dominant Axon
Targeting Signalexclusion, and the tail of mGluR7 mediating axon tar-
geting. Furthermore, the substantially different targeting Thus far we have defined two cis-acting signals: the tail
of mGluR2, which is necessary for the axon exclusionphenotypes of mGluR2STOP and mGluR7STOP suggest
Axon/Dendrite Targeting Signals in mGluRs
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somatodendritic domain of cultured rat hippocampal
neurons (Benson et al., 1998). Expression of rabbit tln
and detection with a species-specific antibody con-
firmed the somatodendritic targeting and axon exclu-
sion of tln expressed from a herpes simplex virus (HSV)
vector (Figures 6A and 6C; 0.7% of cells showed axon
targeting). Addition of the 65 amino acid mGluR7 tail
sequence to the C terminus of full-length tln dramatically
altered its targeting; tln±tail7 could now be detected
at high levels all along the length of axons as well as
dendrites (Figures 6B and 6C; 77% of cells showed
axon targeting). Thus, addition of the mGluR7 C-terminal
sequence redirected the targeting of the unrelated pro-
tein tln to axons of cultured hippocampal neurons.
Discussion
This is the first study to our knowledge to analyze a
native neuronal plasma membrane protein family for
axon/dendrite targeting signals. We show here that
group I mGluR1a and group II mGluR2 are targeted to
dendrites and excluded from axons, whereas group III
mGluR7 is targeted to the axons and dendrites of trans-Figure 5. Quantitative Analysis of Axon Targeting Mediated by
mGluR C-Terminal Domains fected hippocampal neurons. By analysis of chimeras,
Stick diagrams at left indicate the composition of each construct, we found that the differential axon targeting versus axon
as described in Figure 4. The graph indicates the percentage of exclusion of mGluR7 versus mGluR2 is dependent on
neurons exhibiting axonal labeling for each construct (mean 6 SEM, the z60 amino acid C-terminal sequences, primarily but
n 5 3±5 experiments, with 40±50 neurons per experiment).
not exclusively on the distal z30 amino acids. Both
C-terminal regions contain essential targeting signals;
mGluR2 C terminus is required for axon exclusion, and
of mGluR2, and the tail of mGluR7, which is necessary mGluR7 C terminus is required for axon targeting of the
for the axon targeting of mGluR7. Are these signals not native proteins. The mGluR7 C terminus is dominant
only necessary but sufficient? Moreover, since both can- and can induce axonal targeting of full-length mGluR2,
not be sufficient in the sense that both cannot function whether inserted at the extreme C terminus or proximal
simultaneously in a single construct, which signal is to the membrane. General dominance of the mGluR7
dominant? To answer this question, we generated and axon targeting module was shown by the ability of this
analyzed constructs containing both tails in both orien- sequence to redirect targeting of the unrelated somato-
tations. mGluR2tail2tail7, the full-length mGluR2 with dendritic protein tln to the axon. The mGluR7 C terminus
the 65 amino acid mGluR7 cytoplasmic tail added at the is the first identified cytoplasmic axon targeting signal
C terminus, was targeted to axons (Figure 3G). Likewise, and may be generally useful for redirecting any dendritic
mGluR2tail7tail2, the full-length mGluR2 with the 65 membrane protein to axons.
amino acid mGluR7 cytoplasmic tail added internally
immediately following the seventh transmembrane do- mGluR C Termini: Novel Targeting Signals
main of mGluR2, was targeted to axons (Figure 3H). The The cis-acting targeting sequences identified here are
axon targeting of both double tail constructs was as distinct from other known targeting signals for neuronal
efficient as for mGluR7 itself (85.2% and 92.3% versus proteins. Interaction with PDZ domain proteins has been
91.6%). Thus, the axon targeting signal of the tail of suggested as a means of targeting and specifically an-
mGluR7 is dominant over the axon exclusion signal of choring ionotropic glutamate receptor subtypes (Kornau
the tail of mGluR2, regardless of their order in the con- et al., 1997). However, since PDZ domains interact with
struct. Whereas the 53 amino acid mGluR2 tail is not the specific C-terminal sequences of their binding part-
sufficient to direct axon exclusion under all conditions, ners, and the mGluR7 tail signal can function internally
the 65 amino acid mGluR7 tail is sufficient to redirect (in mGluR2tail7tail2; Figure 3H), we conclude that this
the dendritic mGluR2 to the axon. signal directs targeting by some mechanism other than
To be defined as a general targeting signal, a se- interaction with a conventional PDZ domain. EVH do-
quence must be shown to function in the context of main proteins of the Homer/Vesl family have recently
a heterologous protein. Thus, to test the mGluR7 tail been found to bind to the motif PPXXFR, which is pres-
sequence for function as a general axon targeting mod- ent within the C termini of mGluR1a and mGluR5 but
ule, we tested whether addition of the mGluR7 tail could not in mGluR2 or mGluR7 (Brakeman et al., 1997; Kato
alter the targeting of a heterologous somatodendritic et al., 1998; Tu et al., 1998). Whether Homer/Vesl has
protein, telencephalin (tln). Telencephalin is a cell adhe- any function in subcellular targeting, and whether there
sion molecule with a somatodendritic distribution in tel- are related proteins that bind to other mGluR groups,
encephalic neurons in vivo (Mori et al., 1987; Yoshihara remain open questions. The targeting region of mGluRs
is distinct from the region involved in G protein coupling.et al., 1994). Endogenous tln is detected only in the
Neuron
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Figure 6. Intentional Mistargeting of the Somatodendritic Protein Tln to the Axon by Addition of the mGluR7 C-Terminal Domain
Rat hippocampal neurons were transfected with expression constructs for rabbit tln (A) or full-length rabbit tln with the C-terminal addition
of the 65 amino acid mGluR7 tail (tln±tail7, [B]) and immunolabeled with a species-specific antibody against the expressed tln construct
(green) and the dendritic marker MAP2 (red). Yellow, indicating colocalization of expressed protein with MAP2 in dendrites, was observed for
both tln and tln±tail7, whereas extensive green staining along fine caliber processes indicating axon labeling was generally observed for
tln±tail7 (arrows in [B]) but not for tln. The graph (C) indicates the percentage of neurons exhibiting axonal labeling for each construct (mean 6
SEM, n 5 3 experiments, with 50 neurons per experiment). Scale bar, 50 mm.
The critical region that determines G protein coupling transport by association with specific motors; selection
of plasma membrane addition sites; or selective degra-and activation is the second intracellular loop; other
regions, including the C terminus, also play modulatory dation, stabilization, or anchoring within one domain. We
favor the idea that the mGluR targeting signals identifiedbut not discriminatory roles (Pin et al., 1994; Gomeza et
al., 1996; Mary et al., 1998). Interestingly, the cyto- here act at an early step in targeting, probably at the
plasmic axon targeting signal of mGluR7 is also distinct stage of sorting into vesicles from the trans-Golgi net-
from the axon targeting signal of the other native neu- work, for the following reasons. First, the selective do-
ronal plasma membrane protein extensively analyzed, main targeting occurred at the level of both surface
b-APP. b-APP initially is targeted to the axon due to protein and intracellular pools; that is, all proteins that
signals in the ectodomain (Tienari et al., 1996) and then were not detected on the surface of axons were also
transcytoses to dendrites. These combined results sug- not detected intracellularly in axons. This result sug-
gest the existence of at least two independent axon gests that mGluRs excluded from the axon may be
targeting mechanisms, one via the cytoplasmic signal sorted into dendritic vesicles and directly targeted to
in mGluR7 and the other via the ectodomain in b-APP. dendrites without cycling through the axonal cytoplasm.
The targeting sequences identified here are distinct Second, preliminary studies of mGluR distributions at
from known targeting signals for polarized epithelial pro- different times after exposure to viral vectors revealed
teins (Keller and Simons, 1997). The mGluR2 plasma no differences in polarized targeting patterns over time
membrane axon exclusion signal does not contain a (within a range of 14±30 hr posttransfection, where z10
tyrosine or dileucine that is typical of endosomal or hr was the earliest time at which expressed protein was
basolateral sorting motifs and that can direct targeting detected; data not shown). Thus, we found no evidence
to dendritic endosomes and plasma membrane (de for any contribution of selective degradation or trans-
Hoop et al., 1995; West et al., 1997a; Jareb and Banker, cytosis to polarized targeting of mGluRs. Third, by ex-
1998). Many apical membrane proteins are targeted to pression from the viral vectors, we have reproduced the
both axons and dendrites (Jareb and Banker, 1998) like overall domain targeting to dendrites versus axons but
mGluR7, but the mGluR7 cytoplasmic axon targeting not the synaptic clustering of mGluRs. The synaptic
signal is clearly distinct from the known apical targeting clustering must involve late steps in targeting such as
signals, the glycophosphatidylinositol anchor (Lisanti et local anchoring and possibly trapping in the membrane
al., 1989) and N-glycosylation of ectodomains (Scheif- or local vesicle addition, whereas the axon/dendrite tar-
fele et al., 1995). geting is more likely to be mediated in part by early
steps of protein sorting into vesicles and vesicle trans-
port. These early steps appear to be less susceptibleMechanisms of mGluR Targeting
The cis-acting sequences identified here may function to saturation by high expression levels. mGluR1a and
tln were correctly targeted to dendrites when expressedat any stage in targetingÐsorting into specific vesicles;
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from the viral vector (Figures 1A and 6A), and even wild- to the entire axonal and dendritic domains in the cultured
hippocampal pyramidal neurons may reflect accuratetype viral proteins expressed at very high levels are still
differentially sorted (Dotti and Simons, 1990; Jareb and domain targeting to both axons and dendrites, but with-
out the synaptic clustering. Alternatively, as discussedBanker, 1998). In contrast, we have been able to repro-
duce synaptic clustering of exogenous ionotropic re- above, the targeting of mGluR7 to the dendrites ob-
served here may reflect a reproduction of only the initialceptors only by long-term low-level expression (D. Fong
and A. M. C., unpublished data). sorting and transport steps, and there may be additional
steps that lead to a predominantly axonal distribution.Other cytoplasmic sorting motifs function by binding
specific coat proteins or adaptor proteins that recruit mGluR2 is not expressed by hippocampal pyramidal
cells in vivo (Tanabe et al., 1992). The targeting we ob-clathrin coats to induce vesicle formation. Tyrosine-
based endocytic and basolateral targeting signals form served for mGluR2 to the dendrites of cultured pyramidal
cells is different from the localization of mGluR2 in pre-a b turn that binds to the m chains of the heterotetrameric
AP-1 and AP-2 adaptor complexes (Bansal and Gie- terminal axons and in the dendrites of dentate granule
cells (Ohishi et al., 1998), suggesting a role for neuronrasch, 1991; Eberle et al., 1991; Heilker et al., 1996;
Lewin and Mellman, 1998; Ohno et al., 1998). Additional cell type in regulating targeting. Other neuronal surface
proteins exhibit differential targeting in different neuronnovel vesicle coat proteins have recently been identi-
fied, including forms of AP-3 with neuron-specific m types; the cell adhesion molecule F3/F11 is targeted to
dendrites in some neurons but excluded from dendritesand b chains (Simpson et al., 1997). The 32 amino acid
mGluR7 axon targeting region contains a predicted b in others (Faivre-Sarrailh et al., 1992).
We suggest two reasons for the absence of synapticturn (...ENVDPNSPAA...) that may function in binding
adaptor proteins, but further analysis will be required to clustering of transfected mGluRs in our studies. First,
the concentration of mGluRs at synapses may requiredefine the importance of individual residues.
The trafficking patterns observed here and in several signals that are not present in dissociated cultures.
mGluR1a is dendritic but not clustered in the few in-other recent studies, together with evidence that den-
drites have microtubules of both polarity orientation, terneurons that express mGluR1a endogenously in the
hippocampal cultures (Craig et al., 1993), in contrast towhereas axons have only plus end distal microtubules
(Baas et al., 1988), fit with a model of association of two the clustering of mGluR1a at the periphery of postsynap-
tic sites in vivo (Baude et al., 1993). Preliminary resultsvesicle populations with specific microtubule motors.
Dendritic proteins may be transported only to dendrites indicate that endogenous mGluR7 is clustered at syn-
apses in the hippocampal cultures, but we have notby association with minus end±directed microtubule
motors, whereas axonal proteins may be initially trans- observed the target-dependent presynaptic enhance-
ment at terminals opposed to a subset of interneuronsported into both axons and dendrites by association
with plus end±directed microtubule motors (Baas et as occurs in the hippocampus in vivo (H. Boudin and
A. M. C., unpublished data). Second, synaptic clusteringal., 1988). It is more difficult to envision a mechanism
whereby any protein could be transported exclusively to may be inhibited by the fairly high level and short time
course of expression of the transfected mGluRs. Repli-axons and not dendrites, at least based on microtubule
polarity. Consistent with these ideas, mGluR7, although cation of the complete in vivo targeting pattern of
mGluRs may require lower level expression, longer termit is primarily presynaptic in vivo, was targeted to den-
drites as well as axons, and the same is true of the expression, and/or additional cell±cell signaling cues. It
will be interesting to determine whether the signals thatsynaptic vesicle proteins synaptobrevin and SV2 (West
et al., 1997b). In fact, of the z50 proteins (including mu- mediate synaptic clustering also reside in the C-terminal
domains of mGluRs. AMPA receptors initially becometants) that have been expressed in polarized neurons,
only one, NgCAM, was targeted exclusively to axons diffusely localized to the somatodendritic domain of
cultured neurons independent of cell±cell contact andwithin the 3±36 hr time frame of these studies (de Hoop
et al., 1995; Tienari et al., 1996; West et al., 1997a, 1997b; later cluster at synaptic sites only in response to axon
contact (Craig et al., 1993; O'Brien et al., 1997; A. RaoJareb and Banker, 1998; this study). It may be that axonal
proteins are initially transported to both axons and den- and A. M. C., unpublished data). If such a two step
mechanism applies to mGluRs, there may be multipledrites and gain their final polarized distributions by addi-
tional mechanisms such as selective degradation in targeting signals in each mGluR, those we have identi-
fied here for axon/dendrite targeting and additional sig-dendrites or stabilization in axons.
nals for synaptic clustering.
Relevance to mGluR Distributions in Vivo
mGluRs in vivo exhibit rather complex subcellular distri- Implications for Metabotropic Receptor Targeting
The definition of axon/dendrite targeting signals in the Cbutions depending on the particular neuron type and
synaptic connections. mGluR7 functions mainly at pre- termini of mGluR2 and mGluR7, in the region of greatest
sequence divergence between mGluR family members,synaptic sites, but it has also been localized to postsyn-
aptic sites in the olfactory bulb and locus coeruleus suggests an evolutionary model based not only on pro-
tein function but also on subcellular targeting. The C(Kinzie et al., 1997; Bradley et al., 1998; but see also
Kinoshita et al., 1998). In hippocampal pyramidal cells, termini are also the site of alternative splicing for several
mGluRs, although there is as yet no evidence for differ-mGluR7 is predominantly axonal and most concentrated
at a subset of terminals opposed to mGluR1a-positive ential subcellular targeting due to alternative splicing
(Lujan et al., 1996; Shigemoto et al., 1997). C-terminalinterneurons (Bradley et al., 1996; Shigemoto et al.,
1996, 1997). The targeting here of expressed mGluR7 sequences in many other G protein±coupled receptors
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Neuron Transfectionmediate agonist-induced internalization by phosphory-
Neuron-bearing coverslips were flipped cell side up in their homelation, arrestin binding, and formation of clathrin-coated
dishes at 13±15 days in culture and 2-amino-5-phosphonovaleratevesicles (Ferguson et al., 1996; Goodman et al., 1996).
(100 mM), sodium butyrate (2 mM), and HSV-1 vector (1±10 ml) were
This is an additional potentially important step in the added. Coverslips were returned to their original orientation after
regulation of subcellular targeting that is only beginning 1.5 hr and fixed after 20±24 hr for analysis. The amount of vector
was determined empirically to achieve a transfection rate of z4%±to be studied for mGluRs (Balazs et al., 1997). The identi-
20% to allow isolated transfected cells to be visualized; this corre-fication here of these novel mGluR targeting signals, in
sponded roughly to a multiplicity of infection of z0.2±1 for the pack-addition to helping build a database of neuronal plasma
aged amplicon.membrane protein localization signals, may be used to
lead into the next steps of identifying interacting pro-
Immunocytochemistry
tein components and regulatory mechanisms of the sub- For most experiments, neurons were fixed in 4% paraformaldehyde,
cellular targeting machinery. The mGluR7 C terminus, 4% sucrose in phosphate-buffered saline, blocked in 10% bovine
shown here by deletion, chimeric, insertion, and heterol- serum albumin (BSA), and surface labeled for the myc epitope (mAb
9E10, gift of V. I. Gelfand, University of Illinois; 1:1000). Neuronsogous addition experiments to function as a dominant
were then permeabilized in 0.25% Triton X-100 for 5 min; reblockedtransferable axon targeting module, may be of general
in 10% BSA; and incubated with MAP2 antibody (266; gift of S.use in redirecting the targeting of heterologous somato-
Halpain, Scripps Institute; 1:20,000), biotin anti-mouse IgG (Vector
dendritic proteins to the axon. Laboratories; 2.5 mg/mL), and finally Texas-red anti-rabbit IgG (7.5
mg/mL) and FITC-avidin (2.5 mg/mL). The coverslips were mounted
in Tris-HCl, glycerol, and polyvinyl alcohol with 2% 1,4-diazabi-Experimental Procedures
cyclo[2,2,2]octane and sealed with nail polish. Both wild-type and
chimeric proteins were analyzed by both myc surface labeling and,Neuron Culture
after permeabilization, labeling with antibodies against the C terminiBriefly, embryonic day 18 rat hippocampi were dissected and disso-
of mGluR2 (Chemicon; 1:50) or mGluR7 (gift of P. J. Conn, Emoryciated by trypsin and trituration, plated on poly-L-lysine-coated cov-
University; 1:500). For the mGluR1a and tln experiments, cells wereerslips at a density of 2,400 cells/cm2, and maintained in serum-
fixed as above, permeabilized, and blocked. Primary antibodiesfree N2.1 media suspended above a glial feeder layer (Goslin et al.,
used were rabbit anti-mGluR1a (lm8; gift of R. L. Huganir, Johns1998).
Hopkins University; 1:10,000) and monoclonal tau-1 (Boehringer
Mannheim; 1:400), CD8a (Dako; 1:60), or monoclonal tln antibodyConstruction of Viral Vectors
recognizing the rabbit form only (gift of Y. Yoshihara and K. Mori,mGluR1a, mGluR2, and mGluR7 cDNAs were obtained from S. Na-
1:8; Mori et al., 1987) and polyclonal anti-MAP2 antibody, with ap-kanishi (Masu et al., 1991; Tanabe et al., 1992; Okamoto et al., 1994),
propriate secondaries.and rabbit tln cDNA was obtained from Y. Yoshihara and K. Mori
A comparison of myc labeling before and after permeabilization(Yoshihara et al., 1994). cDNAs were subcloned into the amplicon
in transfected neurons and nonneuronal Vero cells primarily revealedvector pNF314 (Craig et al., 1995), containing the herpes virus pro-
surface labeling for all myc±mGluR constructs (data not shown).moter and packaging sequences. A two step PCR strategy was
There were low levels of additional intracellular labeling mainly inused to insert the myc epitope (EQKLISEEDL) three amino acids
the cell body of neurons and primarily in a pattern typical of thepast the signal sequence of mGluR2 and mGluR7 and to generate
Golgi complex in the Vero cells. One other chimera was made byall chimeric, deletion, and insertion constructs. For example, to gen-
transferring only the middle third of the tail of mGluR7 into mGluR2; iterate mGluR2tail7, PCR was used to produce two products. One
did not efficiently reach the cell surface, presumably due to incorrectPCR reaction used mGluR2 as a template, using primers selected
folding, and was not analyzed further. For all constructs analyzed,past a unique restriction site upstream of the seventh transmem-
there were no differences in the polarity of the distribution of thebrane domain to the joint with mGluR7; the other used mGluR7 as
expressed protein for surface labeling versus labeling after perme-a template from the joint to the end of the coding region and added
abilization.another unique restriction site downstream. These products, de-
signed to contain a 20 bp sequence overlap, were mixed together
Microscopy and Quantitationand allowed to prime off of each other; the outside primers were
Images were captured on a Zeiss Axioskop with a 403 1.3 NA lensthen added to generate a complete PCR product, which was cut
and a Photometrics Series 200±cooled CCD camera with Oncorwith the two unique restriction enzymes for replacement into the
Image software. Composite images were prepared in Adobe Pho-original cDNA plasmid of myc±mGluR2. Compositions of constructs
toshop. Line tracings were generated in Photoshop by manuallyare listed with amino acid numbers from the published sequence,
tracing over the composite images in layers. For Figures 5 and 6C,including the signal peptide but not the ten amino acid myc tag
transfected cells (myc-positive or tln-positive) were scored for the(for reference, the seventh transmembrane domain for mGluR2 is
presence or absence of a labeled axon. For each experiment, cov-predicted to be 795±819 and for mGluR7, 826±850): mGluR2tail7
erslips were scanned, and all isolated transfected neurons were(mGluR2, 1±820; mGluR7, 851±915), mGluR7tail2 (mGluR7, 1±850;
scored until n 5 50. Axon labeling was defined as a detectable tlnmGluR2, 821±872), mGluR2tail2/7 (mGluR2, 1±845; mGluR7,
label or surface myc label on MAP2-negative processes. In many883±915), mGluR7tail7/2 (mGluR7, 1±882; mGluR2, 846±872),
cells, the proximal 50 mm of axon often contained detectable MAP2mGluR2STOP (mGluR2, 1±825), mGluR7STOP (mGluR7, 1±856),
and myc or tln label; if the myc or tln label did not extend farthermGluR2tail2tail7 (mGluR2, 1±872; GAG linker; mGluR7, 851±915),
into the axon, such cells were scored as lacking axonal label. FormGluR2tail7tail2 (mGluR2, 1±820; mGluR7, 851±915; GAG linker;
the quantitation of relative expression level in Table 1, images ofmGluR2, 821±872), and tln±tail7 (tln, 1±912; mGluR7, 851±915). Se-
transfected cells for each construct were taken from the same cul-quences were confirmed by the University of Illinois Biotechnology
ture preparation, which was transfected and immunolabeled simul-Center. HSV-1 was made as described (Ho, 1994; Craig, 1998).
taneously. Images covering the entire labeled area for each cellBriefly, the E5 cell line containing the HSV-1 IE3 gene (DeLuca et
were composited and quantitated for fluorescence in the myc chan-al., 1985) was transfected with the amplicon plasmid by lipofection,
nel with Oncor Image.coinfected the following day with HSV-1 d120 IE3 deletion mutant
helper virus (DeLuca et al., 1985), and allowed to proceed to form
plaques and infect the entire flask. Lysed cells and media were Acknowledgments
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